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Vapour transfer in unsaturated compacted bentonite
P. J. CLEALL, R . M. SINGH and H. R. THOMAS
Results of an experimental and theoretical investigation of heat and moisture movement in unsaturated
MX-80 bentonite are presented. A thermo-hydraulic cell that allows measurement of transient
temperatures and facilitates the determination of pseudo-transients of moisture content, dry density
and chemical composition has been used to perform thermal gradient tests. Results of a number of
tests are presented, and observation of the accumulation of chloride ions near the hot end clearly
indicates that there is a cycle of vapour and liquid moisture movement, with vapour moving from
hotter to cooler regions, condensing, and then moving as liquid towards the hotter regions. An
empirical method is applied to calculate approximate vapour fluxes using measured variations in
chloride ion concentration and moisture content with time. The vapour fluxes calculated empirically
are found to be lower than those determined by some existing vapour flow theories. Subsequently, an
existing vapour flow model is modified to represent the observed vapour fluxes more closely.
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INTRODUCTION
Moisture transport in soils under thermal gradients has been
a topic of great interest for many years. Problems where
thermally induced moisture movement in unsaturated soils is
an important phenomenon include performance of buried
services (e.g. high-voltage electric cables and hot water
pipes), landfill liner performance, optimisation of geothermal
energy utilisation (Rees et al., 2000) and thermally enhanced
clean-up of contaminated land (Lee et al., 1999). Further-
more, in recent years a great deal of research has been
conducted into the disposal of high-level nuclear waste
(HLW). In particular, swelling clays have been identified as
a candidate material to be used as engineering barriers in
deep geological nuclear waste repositories where significant
thermal and hydraulic gradients will be present.
Conceptual and theoretical descriptions of moisture move-
ment under thermal gradients have been developed in a
number of studies. Early work by Philip & de Vries (1957)
developed simultaneous differential equations for the transfer
of heat and moisture using numerical data for a coarse-
textured and a medium-textured soil that have formed the
basis of many subsequent mechanistic formulations. Luikov
(1966) applied irreversible thermodynamics to describe li-
quid and vapour flow, with the resulting formulation having
a comparable form to those of Philip & de Vries. A number
of researchers have investigated the proposals of Philip & de
Vries, leading to various modifications to their original
mechanistic formulation: for example, Ewen & Thomas
(1989) investigated heating of an unsaturated sand, and
concluded that the effective specific area for vapour flow
through soil is not a function of air content, and is best
represented as being equal to the porosity. Such mechanistic
approaches have been used in the development of thermo-
hydraulic-mechanical (THM) models (e.g. Thomas & He,
1995; Olivella et al., 1996). Also, the more recent develop-
ment of THM models to include consideration of chemical
species (e.g. Cleall et al., 2007; Gens, 2010) and the signifi-
cant impact of advective processes on chemical transfer
necessitates the correct representation of the individual com-
ponents of moisture movement as well as the net moisture
movement. In all such mechanistic models there is the
requirement for material parameters to describe the com-
bined influence of various factors such as soil structure,
thermal bridging and moisture content. These factors, often
given terms such as enhancement, tortuosity or flow area
factor, are generally determined empirically via back-analysis
of small-scale tests and consideration of the overall moisture
flux (e.g. Bo¨rgesson et al., 2001; Pintado et al., 2002) and
not via consideration of the actual vapour flux, as this is not
readily amenable to direct measurement.
Various researchers have carried out laboratory-scale ex-
perimental studies of heat and mass transfer in swelling
clays subjected to both thermal and hydraulic gradients (e.g.
Kanno et al., 1996; Villar et al., 1996; Yong & Mohamed,
1996; Yong et al., 1997; Pintado et al., 2002; Gatabin &
Billaud, 2005; Villar et al., 2008; Go´mez-Espina & Villar,
2010), and also of the thermal properties of swelling clays
(e.g. Madsen, 1998; Tang et al., 2008). Although they
yielded high-quality data, and were able to quantify overall
moisture movement, none of these studies has been able to
quantify the individual vapour flux component. However,
recently Cleall et al. (2011) have presented an empirical
method that allows the vapour flux component to be esti-
mated via consideration of the net moisture flux and the
movement of a conservative soluble ion.
The aim of this paper is to quantify the individual
component of vapour fluxes due to applied thermal gradients
in a swelling soil. Results from a series of tests on MX-80
bentonite are presented, and then the empirical method of
Cleall et al. (2011) is applied to calculate vapour fluxes via
consideration of variations of soluble chloride ion concentra-
tion and moisture content with time. The empirically calcu-
lated vapour fluxes are compared with those determined by
existing vapour flow theories, and finally a modified vapour
flow model is presented.
TEST METHODOLOGY AND MATERIAL
MX-80 bentonite, a montmorillonite-rich swelling clay,
was chosen as the test material, owing to its potential use as
a buffer material in HLW repositories. This material has
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been selected for both its swelling properties and its high
sorption capacity (Bo¨rgesson et al., 2001) as the candidate
buffer material in a number of European HLW waste
disposal programmes. The MX-80 was supplied in a pow-
dered form, oven-dried (at 1058C) for 24 h, and then mixed
with water to ensure uniform distribution of moisture.
The MX-80 bentonite tested has been characterised by
determining various geotechnical, physical and chemical
properties, a summary of which is presented in Table 1; full
details of their determination are given in Singh (2007). In
this study, a target dry density of 1.65 Mg/m3 has been
selected for the initial condition of the material with two
possible initial water contents (16% and 22%), thereby
allowing two types of sample to be considered, termed
hereafter ‘wet samples’ and ‘dry samples’. The initial degree
of saturation of the wet and dry samples was 88% and 60%
respectively.
In the tests reported here, cylindrical samples (100 mm
high and 100 mm in diameter) were subjected to a fixed
thermal gradient within a sealed cell (Fig. 1). This cell, full
details of which have been presented elsewhere (Singh,
2007; Cleall et al., 2011), allows varying thermal boundary
conditions to be applied longitudinally to sealed and fully
constrained cylindrical clay samples. The soil samples were
statically compressed in layers in the central section of the
cell by using a specifically designed and built rammer. The
compaction method consisted of compression of the soil
samples in ten layers under a maximum static load up to
90 kN with a loading and unloading rate of 1.5 kN/s. Fig. 2
shows typical water content and dry density profiles with the
depth of the soil samples achieved after an equilibrium
period of 24 h. The initial state of the specimens was
determined from samples prepared following the same
methodology, including the equilibration period. Longer
equilibrium periods of 1–5 days were also tested, with no
significant variation found in the profiles of porosity, moist-
ure content or chemical composition.
The samples were subjected to fixed temperatures of 858C
at the bottom end and 258C at the top end, resulting in an
average thermal gradient of 0.68C/mm. A series of tests have
been undertaken, each with different durations (e.g. 1, 3, 7,
15 and 30 days) to provide pseudo-transient data for both the
Table 1. Properties of MX-80 bentonite
Property Value
Natural water content: % 12–14
Specific gravity 2.80
Liquid limit: % 385
Plastic limit: % 39
Plasticity index: % 346
Activity: % 3.46
Linear shrinkage: % 42
Swell index: ml/2g 32
pH (soil water ratio 1:10) 9.20
(soil water ratio 1:15) 9.28
Specific surface area (EGME method): m2/g 650
Initial ion concentration Chloride: mmol/kg 2.92
Cation exchange capacity Sodium: meq/100 g 53.08
Magnesium: meq/100 g 7.83
Potassium: meq/100 g 1.07
Calcium: meq/100 g 31.00
Total: meq/100 g 92.88
Mineral composition by X-ray
diffraction (XRD)
Montmorillonite: % 78
Albite: % 10
Quartz: % 11
Staggered
thermocouples
Heater
PTFE tube
Steel cell
Insulation
Soil sample
Heating coil
Circulating water
Fig. 1. Test cell
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wet and dry samples. At the end of each test the samples
were sliced into ten sections, each approximately 10 mm
thick, with moisture content, porosity and ion concentration
determined. Moisture content and porosity were determined
following BS 1377-2 (BSI, 1990). The specimens were
prepared for chemical analysis following US EPA 1312 (US
EPA, 1994), with dried and crushed soil samples diluted
with deionised water to a solid:water ratio of 1:20. Chemical
concentration data were obtained via inductively coupled
plasma mass spectroscopy (ICPMS). Aqueous extract con-
centrations were then converted to chemical concentrations
in terms of mol/kg (by mass of dry soil), presented below.
Where a number of measurements of a parameter were taken
for a slice, the average of these values is presented. Con-
sideration of the moisture content and porosity allows con-
version to concentrations, in terms of mg/l (chemical mass
to pore water volume), that are required for the vapour flux
calculations described below.
EXPERIMENTAL RESULTS
The temperature, moisture content, porosity and chemical
concentration data of each test are presented in Figs 3–10
and discussed below in turn.
Dry sample
In both the dry and wet sample thermal equilibrium was
achieved within 4 h, reflecting the highly constrained bound-
ary conditions applied to the thermal field. Thermal profiles
within the dry sample are shown in Fig. 3; at steady state
the temperature gradient varies from 0.768C/mm near the
heater surface to 0.4258C/mm near the cold end. This
variation in thermal gradient is likely to be due to a
combination of three factors: changes in thermal conductiv-
ity due to moisture content and dry density variations, heat
loss through the walls of the cell and advective movement of
latent heat.
The gravimetric water content variation at various time
intervals for the dry sample is shown in Fig. 4. The initial
water content is relatively uniform throughout the sample
length. In general, it can be seen that the gravimetric water
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Fig. 2. Typical initial gravimetric water content and dry density variation
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Fig. 3. Temperature profile of dry sample for temperature
gradient test
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Fig. 4. Gravimetric water content distribution of dry sample for
temperature gradient test
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Fig. 5. Porosity profile of dry sample for temperature gradient
test
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content decreases near the heater surface and increases near
the cold end with time. It is apparent that the temperature
gradient within the sample causes an overall movement of
moisture towards the cooler end of the sample, with the test
results at 30 days showing drying in the bottom half of the
sample while the top half is experiencing localised wetting.
During the test the drying front (marking the interface
between the region that has undergone drying and the region
at or above the initial moisture content) progressively moved
towards the mid-height of the sample. At the end of each
experiment mass balance was checked and found to be
within 0.2%, which indicates no significant mass loss from
the cell.
The porosity variation with time for the dry samples is
presented in Fig. 5. Although the data are quite noisy, it can
be observed that, in general, the porosity is decreasing near
the hot end, indicating drying-related shrinkage, and increas-
ing near the cold end, indicating wetting-related swelling, for
example by comparing initial and 30 day profiles. No
development of a gap between the sample and cell wall was
observed at the end of any of the tests. The initial porosity,
along with the data shown in Fig. 2, indicates a relatively
uniform and homogeneous sample.
Soluble chloride concentration profiles are shown in Fig.
6, with an overall trend of increasing concentration near the
heater surface and decreasing concentration in the cooler
regions. As the soluble chloride ions can only be carried
advectively or move diffusively – in other words, soluble
chloride can only move in the liquid phase while it cannot
be transported in the vapour phase that moves towards cooler
zones – the increase in soluble chloride ion concentration
near the heater surface indicates a movement of liquid
moisture towards the hot end, owing to suction gradients
towards the heater surface. The progressive accumulation of
soluble chloride ions near the hot end indicates that a cycle
of vapour and liquid moisture movement within the soil
sample has developed, with moisture moving away as vapour
from the hot end, condensing in cooler regions, and then
flowing back towards the hot end as liquid.
Wet sample
The steady-state temperatures at each point within the wet
samples are lower than in the dry samples, owing to an
increased variation in temperature gradient, as can be ob-
served in Fig. 7. The temperature gradient is 1.088C/mm
near the heater surface and 0.568C/mm near the cold end. It
appears that higher variations in thermal conductivity are
present in the wet sample, as any radial heat loss from the
cell wall would be expected to be similar for each of the
tests.
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Fig. 6. Soluble chloride distribution of dry sample for tempera-
ture gradient test
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Fig. 7. Temperature profile of wet sample for temperature
gradient test
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Fig. 8. Gravimetric water content distribution of wet sample for
temperature gradient test
0
20
40
60
80
100
0·35 0·40 0·45 0·50
D
is
ta
nc
e 
fr
om
 h
ea
te
r 
su
rf
ac
e:
 m
m
Porosity
Initial 1 day
2 day 3 day
4 day 5 day
7 day 10 day
15 day 30 day
Fig. 9. Porosity profile of wet sample for temperature gradient
test
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Fig. 10. Soluble chloride distribution of wet sample for tempera-
ture gradient test
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The gravimetric moisture content results for the wet
sample at various time intervals are presented in Fig. 8. As
with the dry sample, the water content is progressively
decreasing at the hot region and increasing at the cold
region, with the drying almost reaching the mid-height of
the sample after 15 days. It can also be seen that equal
quantities of localised drying and wetting are measured at
either end of the sample after 30 days. Mass balance checks
at the end of each test found that in the entire test series
negligible moisture loss occurred.
Porosity profiles for the wet samples at various times are
shown in Fig. 9. As with the dry sample, the porosity is
decreasing near the heater surface, owing to drying-related
shrinkage, and increasing in the cooler, wetter regions.
Figure 10 presents the soluble chloride ion concentration
distribution through the sample at various times. As with the
dry sample, the overall trend is one of increasing concentra-
tion near the heater surface and decreasing concentration in
the colder regions. Comparison with the variations in moist-
ure content shown in Fig. 8 again indicates soluble chloride
ions being advectively carried by the liquid moisture to the
hot end. In comparison with the dry sample results, the
soluble chloride ion concentration is higher near the heater
surface for the wet samples. This greater accumulation in
the wet sample is possibly due to larger quantities of water
transport and therefore movement of soluble chloride.
In summary, the moisture content progressively decreases
in the warm region and increases in the cool region with
time, irrespective of different initial conditions. In both cases
the porosity is observed to increase in the cool region and
decrease in the hot region. Soluble chloride ion accumula-
tion near the heater surface, probably resulting from advec-
tive movement of this conservative ion, indicates that
moisture moves away from the warmer regions in the vapour
phase and then condenses in the cooler regions, with a
subsequent movement of liquid back towards the warmer
regions.
EMPIRICAL QUANTIFICATION OF VAPOUR FLUX
An empirical calculation is used to determine the vapour
flux from measured soluble chloride ion concentrations and
moisture contents for each slice, and is based on the
assumption that advection towards the hot end is the domi-
nant process occurring in the soil in the time period consid-
ered, and that diffusion processes are small and can be
ignored. This follows the approach presented by Cleall et al.
(2011), which was applied to a slightly swelling kaolin. Here
the chloride ion is selected, as it is a conservative negative
ion and would be expected to move advectively with bulk
liquid moisture, and as the chloride movement is not
affected by the negative charge of the clay particles little or
no retardation will occur.
The method assumes that the soil sample consists of a
vertical stack of layers, and that a thermal gradient is
applied along the soil sample, with the higher temperature at
the bottom end and the lower temperature at the top end.
The bottom layer (first layer) initially (at time t ¼ t1) has a
mass of chloride ions of mt11 (in mg). After the start of the
test, the first layer has an influx of chloride ions carried by
liquid moisture from the next layer (layer 2). At any time
(t ¼ t2), the mass of chloride ions in the first layer is mt21 :
The change in mass of chloride ion, ˜m1, in the first layer
can be determined as
˜m1 ¼ mt21  mt11 (1)
˜m1 is the mass of chloride that has entered the first layer
from the second layer with liquid moisture. The concentra-
tion of chloride ions in the second layer is known at both
t ¼ t1 and t ¼ t2: The chloride ions will move with liquid
moisture to the first layer from the second layer with the
existing concentration in the second layer. Therefore the
amount of liquid moisture, ˜V liq(2!1) (in ml), moving with
chloride ions from the second layer to the first layer can be
calculated, assuming a linear transient variation of concen-
tration, as
˜V liq(2!1) ¼ ˜m1
C2m
(2)
where
C2m ¼ C
t1
2 þ Ct22
2
(3)
C2m is the average chloride concentration (in mg/l) in the
second layer during the time interval considered (i.e. t ¼ t1
to t ¼ t2), Ct12 is the initial chloride concentration in the
second layer at time t ¼ t1, and Ct22 is the chloride concen-
tration in the second layer at time t ¼ t2:
The liquid moisture, ˜V liq(2!1), comes into the first layer
from the second layer and adds to the existing initial
moisture, V t11 , of the first layer. Therefore the new liquid
moisture in the first layer at time t ¼ t2 can be expressed as
V t21 ¼ V t11 þ ˜V liq(2!1)  ˜V vap(1!2) (4)
where ˜V vap(1!2) is the amount of vapour moisture moving
from the first layer to the second layer. As the initial and
final moisture quantities are measured experimentally, and
˜V liq(2!1) is determined from equation (2), the amount of
vapour movement from the first layer can be determined.
Therefore the vapour flux, q(1!2), across the interface be-
tween the first and the second layer can be found. This
calculation can then be repeated for each interface, moving
up through the sample slice by slice. For the remaining
layers, movement of liquid moisture out of the layer should
also be considered, resulting in a more general form of
equation (2) of
˜V liq(n!n1) ¼ ˜m1 þ C(n1)m˜V liq(nþ1!n)
C(n)m
(5)
Finally, it should be noted that these calculations have been
performed in terms of a normalised layer volume to account
for any variation in layer thickness.
This method can be applied only to sealed thermal tests,
and is dependent on a number of limiting assumptions
related to advection being the overwhelmingly dominant
mechanism for soluble chloride ion movement, a linear
transient variation of concentration within a layer during a
time step, and the fact that no appreciable volume change
occurs in the samples between extraction and initial meas-
urement. This method should therefore be considered to
yield an approximation to the vapour flux; however, it is
claimed that it does give a valuable quantification of the
vapour flux component.
Figures 11 and 12 show the empirically approximated
average vapour fluxes at the interfaces of each of the
sampled slices for the dry and wet samples respectively for
each of the periods. Some interesting patterns of behaviour
can be observed.
During the initial period (0–3 days), a similar trend of
higher fluxes at the hotter end is observed in both cases,
with slightly higher fluxes calculated for the dry sample.
Also, during these initial 3 days (0–3 days), peak vapour
fluxes are estimated in the hot region of the dry sample. In
this period, thermal equilibrium is attained largely after 4 h;
also, in these early stages the situation may be further
complicated by an initial liquid moisture movement due to
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changes in suction caused by the change in thermal regime,
away from the heater.
From 3 days onwards a distinctly different response is
observed between the two samples. The wet sample exhibits
very similar profiles of vapour flux for the periods 3–7,
7–15 and 15–30 days, which are also similar to the overall
average for the 0–30 day period and the 0–3 day period.
These remarkably steady values imply that from a very early
stage the vapour flux has become established and stable
throughout the sample. In the dry sample the flux profile
changes dramatically from the 3–8 day period onwards, with
a distinct drop in flux levels in the hotter layers leading to a
system where the vapour flux is higher in the cooler regions
in the 3–8, 8–15 and 15–30 day periods. Interestingly, a
similar drop in vapour fluxes after an initial period was
reported by Cleall et al. (2011) for a sample of kaolin at a
similar initial moisture content and dry density. As with the
wet sample, the system appears to be tending towards a state
of relatively stable vapour fluxes. The 0–30 day period
results for the dry sample give a representation of the overall
vapour movement within the system, with lower fluxes in
both the hot dry region and the cool wet region.
COMPARISON WITH THEORETICAL MODELS OF
VAPOUR FLUX
Many theoretical models of diffusive vapour flux find their
origins in the work of Philip & de Vries (1957), who
presented a vapour flow equation with the general form
qv ¼ DatmsvvŁa=rv (6)
where v is a mass flow factor equal to the ratio of the
partial pressure of the air fraction to the total gas pressure,
v is a tortuosity factor, Ła is the volumetric air content, rv
is the vapour density, and Datms is the molecular diffusivity
of vapour through air, which can be described by
Datms ¼ 2:2 3 105 Patm
Pg
 
T
T 0
 1:75
(7)
where Patm, Pg, T0 and T are the atmospheric pressure, the
pore gas pressure, the reference temperature and the tem-
perature respectively. In some approaches (e.g. Philip & de
Vries, 1957; Ewen & Thomas, 1989) the vapour flux is
separated into two components by considering the depen-
dence of vapour density on temperature and moisture con-
tent, to give
=rv ¼ h
@r0
@T
þ r0
@h
@T
 
=T þ r0
@h
@Ł
=Ł (8)
where r0 is the saturated vapour density, Ł is the volumetric
moisture content, and h is the relative humidity, which can
be defined by a thermodynamic relationship proposed by
Edlefsen & Anderson (1943) as
h ¼ exp łg
RvT
 
(9)
where ł, g and Rv are the capillary potential, the gravita-
tional constant and the specific gas constant for vapour
respectively.
To allow comparison of the experimentally estimated
vapour fluxes with the theoretical predictions, it is necessary
to establish a soil water retention curve. A series of filter
paper technique tests, using the non-contact filter paper
technique, have been undertaken, at a constant temperature
of 208C on samples initially at the reference target dry
density of 1.63 Mg/m3 and in a wet condition, and the
obtained experimental data fitted to the van Genuchten
(1980) model
Sle ¼ Sl  Slr
Sls  Slr ¼ 1þ
s
P0
 1=(1º)" #º
(10)
where Sle is the effective degree of saturation, Slr is the
residual degree of saturation, Sls is the maximum degree of
saturation, s is the suction (in MPa), and º and P0 are fitting
parameters. The values for these parameters are given in
Table 2, and the fitted curve and data are shown in Fig. 13.
As suggested by Thomas & Sansom (1995), consideration of
the surface energy of soil water, , using the Edlefsen &
Anderson (1943) surface energy function, allows application
of the moisture retention curve at different temperatures
(curves at various temperatures are shown in Fig. 13).
Using experimentally measured data at 30 days to describe
the variation in temperature, moisture content and porosity
within the sample, equations (8)–(10) can be applied to
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Fig. 11. Calculated vapour flux of dry sample for temperature
gradient test
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Fig. 12. Calculated vapour flux of wet sample for temperature
gradient test
Table 2. Parameters for soil water retention curve
Parameter Value
Slr 0.0
Sls 0.92
º 0.375
P0: MPa 21.8
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provide estimates of the gradient of vapour density within
each of the samples. Combining these estimates with the
Philip & de Vries vapour flow equation (equation (6)) yields
the theoretical predictions of vapour flux shown in Figs 14
and 15. The value of the tortuosity factor v has been set to
0.5, using a least-squares regression, to achieve the closest
overall representative fit to the experimentally estimated
vapour fluxes. In making this comparison, vapour move-
ments due to total pore air pressure gradients have been
ignored. Previous assessments of such systems (e.g. Thomas
& Sansom, 1995) have found that, owing to the relative ease
of bulk pore air movement and subsequent equilibration,
such impacts at this scale are likely to be limited. Also, it is
reasonable to assume that any pressure-gradient-driven flow
component, due to differential increases in air pressure
resulting from heating, would become relatively small once
the initial heating phase had passed (within the first 4 h) and
the air pressures had been able to equilibrate; Olivella &
Gens (2000) also offer a useful investigation of these issues.
It can clearly be seen that in both the dry and wet samples
the fluxes are being overestimated in the lower, hotter and
drier, regions.
It is apparent that in the drier regions the vapour flux is
significantly lower than that predicted by the Philip & de
Vries vapour flow equation. Considering the terms in this
equation that were originally introduced to represent the
impact of the porous materials on vapour flow, the mass flow
factor and volumetric air content both increase in the lower
regions of the sample, while the tortuosity factor remains
constant. It is apparent that the mass flow factor and
volumetric air content are not representing the measured
variations in vapour flux. In some ways this is not entirely
surprising, as these are essentially empirically based factors
that have been developed largely on the basis of the behav-
iour of coarse-grained, non-swelling soils. As a purely
empirical step these two variable terms have been replaced
by the porosity, yielding the equation
qv ¼ Datmsvn=rv (11)
The porosity component of the volumetric air content term
has been retained to allow variations in density to continue
to be represented. Modified theoretical predictions using this
equation and a revised value of the tortuosity factor v of
0.11, to achieve the closest overall representative fit, via a
least-squares regression, are shown in Figs 14 and 15. A
considerably closer fit to the experimentally estimated fluxes
can be seen for both the samples. This approach – to
assume that the vapour flow area is equal to the porosity,
and that there is no choking – follows that reported pre-
viously by Ewen & Thomas (1989) for a medium sand. It is
recognised that these modifications are empirical, but it is
claimed that they result in a significant improvement in the
ability of this mechanistic approach to represent the ob-
served vapour fluxes.
CONCLUSIONS
An investigation of vapour movement in unsaturated ben-
tonite has been described. In particular, vapour fluxes have
been quantified and compared with existing mechanistic
theories.
A thermo-hydraulic cell has been used to allow thermal
gradients to be applied to confined soil samples. The cell is
capable of measuring the transient temperature, and facil-
itates the determination of the moisture content, dry density
and chemical composition (anion and cation concentration)
of the soil samples at the end of the tests. Undertaking a
series of tests of different durations allows pseudo-transient
results to be measured.
Results of a series of thermal gradient tests on both
relatively dry and wet samples of MX-80 bentonite are
presented. In each test thermal equilibrium is reached
rapidly, with moisture content and porosity progressively
decreasing in the warmer regions and increasing in the
cooler regions. Soluble chloride ion accumulation near the
heater surface indicates advective movement of this conser-
vative ion and the establishment of a cycle of moisture
movement away from the warmer regions in the vapour
phase, condensation in the cooler regions, and a subsequent
movement of liquid back towards the warmer regions.
An empirical method has been applied to calculate the
vapour fluxes, using the variation of soluble chloride ions
concentration and moisture content with time. The vapour
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Fig. 15. Theoretical vapour fluxes for wet sample
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fluxes calculated empirically are found to be lower than
those determined by some existing vapour flow theories.
Subsequently, an existing vapour flow model was modified
to achieve an improved representation of the observed
vapour fluxes.
The experimental results and the subsequent estimation
of vapour fluxes allow the direct quantification of the
material parameters required for the mechanistic models of
vapour fluxes typically used in THM and thermo-hydraulic-
chemical-mechanical formulations. It is claimed that this
quantification removes one of the remaining uncertainties in
calculation of both resaturation times for geological waste
repositories and advective chemical fluxes in thermal-
hydraulic systems.
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NOTATION
C concentration
Datms molecular diffusivity of vapour through air
g gravitational constant
h relative humidity
m mass of chloride ions
n porosity
Patm atmospheric pressure
Pg pore gas pressure
P0 fitting parameter
qv vapour flux
Rv specific gas constant for vapour
Sle effective degree of saturation
Slr residual degree of saturation
Sls maximum degree of saturation
s suction
T temperature
T0 reference temperature
t time
V volume of liquid
Ł volumetric moisture content
Ła volumetric air content
º fitting parameter
v mass flow factor
 surface energy of soil water
rv vapour density
r0 saturated vapour density
v tortuosity factor
ł capillary potential
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